Three clinically relevant intermittent regimens, and a continuous infusion, of colistin were simulated in an in vitro pharmacokinetic/pharmacodynamic model against two colistin-heteroresistant strains of Acinetobacter baumannii. Extensive initial killing was followed by regrowth as early as 6 h later; bacterial density in the 24-to 72-h period was within 1 log 10 CFU/ml of growth control. Population analysis profiles revealed extensive emergence of resistant subpopulations regardless of the colistin regimen.
Multidrug-resistant (MDR)
Acinetobacter baumannii has emerged in recent times as a major cause of nosocomial infections worldwide (4, 6, 20, 24, 25) , particularly in patients who are critically ill or immunocompromised. Of clinical concern are reports from global antimicrobial resistance surveillance programs that indicate a stepwise trend towards multidrug resistance (25, 26) . A. baumannii clinical strains have become resistant to almost all antibiotics that are currently available, except polymyxins (e.g., colistin) (3, 7, 20, 24) . As a result, clinicians have been forced to reappraise the clinical value of the "old" drug colistin (2, 14, 15) . Two forms of "colistin" are available commercially: colistin sulfate and sodium colistin methanesulfonate (CMS), the latter being the form that is administered parenterally. Recent clinical reports suggest that CMS therapy against MDR A. baumannii infections has been successful (8, 9, 19, 21, 23) . However, the majority of reports evaluating the clinical use of CMS have been retrospective (2, 7) and must therefore be interpreted with some caution (15) . Unfortunately, resistance to colistin has emerged with increasing use of CMS (13) , and the recent observation of heteroresistance to colistin among clinical strains of MDR A. baumannii is also a significant cause for concern (17) . There is an urgent need to investigate the effects of various dosage regimens with a view to optimizing therapy. Our aim was to evaluate the antibacterial activity of clinically relevant CMS dosage regimens against heteroresistant A. baumannii. In addition, the effect of the dosage regimens on the emergence of resistance to colistin was examined.
It is important to note that CMS is an inactive prodrug of colistin (1) , and therefore the pharmacokinetic (PK) profiles employed in the present study were from the administration of colistin sulfate to mimic the PKs of colistin, generated from CMS, in humans (10, 16) . The in vitro PK/pharmacodynamic (PD) model resembled the one-compartment PK model described previously (5) . The temperature of the central compartment was maintained at 37°C, and a peristaltic pump (Masterflex L/S; Cole-Parmer) was used to deliver sterile cation-adjusted Mueller-Hinton broth (Oxoid) from a reservoir into the central compartment. An aliquot (1 ml) of early-logphase bacterial suspension was inoculated into the central compartment to achieve approximately 10 6 CFU/ml at the start of the experiments. Furthermore, the simulations were based upon the fact that the unbound fraction of colistin in human plasma is approximately 0.5 (unpublished data). Four colistin regimens were simulated in the present study (Table 1) . For the three intermittent regimens (regimens 1 to 3), the appropriate loading dose of colistin (sulfate) (lot 123K1382; SigmaAldrich) was introduced into the central compartment at the start of the experimental period followed by intermittent maintenance doses of colistin at 8-, 12-, or 24-h intervals. The volume of the central compartment (100 ml) and flow conditions (0.3 ml/min) produced a target colistin half-life of 4 h. The fourth regimen, simulating a continuous infusion producing a steady-state concentration of colistin of 4.5 g/ml, was achieved by spiking this concentration of colistin into the cation-adjusted Mueller-Hinton broth that was placed in the reservoir. Colistin is stable in solution at 37°C for up to 120 h (11). Controls were included to define growth dynamics in the absence of colistin. All experiments were conducted in three replicates. Sampling times are shown in Table 1 . Samples were measured by high-performance liquid chromatography (12) to verify the simulated colistin PKs. Counting of viable bacteria was conducted by spiral plating (WASP2; Don Whitley Scientific Ltd.) and using a ProtoCOL colony counter (Don Whitley Scientific Ltd.); the limit of detection was 20 CFU/ml. Realtime population analysis profiles (PAPs) were conducted on samples collected at 24, 48, and 72 h to detect the presence of colistin-heteroresistant bacterial subpopulations (17) .
Regimen 1 (Table 1 ) simulated the unbound plasma concentration-time profile of colistin achieved with the recommended daily dosage regimen (5 mg/kg of body weight/day of colistin base activity) (Coly-Mycin M parenteral product information; Monarch Pharmaceuticals, Bristol, TN) of CMS administered every 8 hours in humans with normal renal func-tion. Regimens 2 and 3 simulated larger intermittent doses of CMS administered in humans at longer dosage intervals (12 h and 24 h, respectively). The product information indicates that for patients with normal renal function, a 12-h dosage interval may be used, and although not recommended in the product information, the administration of larger doses at 24-h intervals has recently been reported (22) . Again, although not recommended in the product information, CMS has been administered by continuous intravenous infusion in humans (8, 18) ; this situation was simulated by regimen 4. A reference strain (A. baumannii ATCC 19606 [American Type Culture Collection, Manassas, VA]) and a clinical strain (clinical strain number 6) (17) were examined. Both strains belonged to distinct clonotypes (17) . By use of the VITEK card (GNS-424; bioMérieux), ATCC 19606 was resistant to gentamicin and ciprofloxacin, clinical strain 6 was resistant to ceftazidime, and both strains were resistant to ceftriaxone (17) . The preexposure MICs for both strains were 1 g/ml for colistin (sulfate). The time-averaged microbiological response was quantified by calculation of the area under the bacterial kill-time curves from 0 to 72 h (AUBC 0-72 ), using the linear trapezoidal rule, and was normalized by the respective log 10 CFU/ml value before the introduction of colistin ( Fig. 1; Table 1 ).
The microbiological responses for all regimens and each strain are shown in Fig. 1 . The features common to all dosing regimens for both strains were as follows: (i) extensive bacterial killing (Ͼ4 log 10 reduction in CFU/ml) within 30 min of the initiation of colistin administration; (ii) regrowth observed as early as 6 h from the commencement of the colistin regimens; (iii) minor or no bacterial killing evident after the second and subsequent doses (with the intermittent regimens); and (iv) very extensive regrowth across the 6-to 24-h period, such that the bacterial density in the 24-to 72-h period was within approximately 1 log 10 CFU/ml of that of the corresponding growth control (Fig.  1) . The inoculum-normalized AUBC 0-72 values were very similar for all regimens and strains ( Table 1 ). The regrowth observed in the first several hours after initiation of colistin administration, despite the existence of colistin concentrations well above the MIC, is consistent with the amplification of resistant subpopulations. Indeed, real-time PAPs revealed a very substantial increase in the proportion of resistant populations at 24, 48, and 72 h (Fig. 2) ; these were substantially different from the PAP profiles at the baseline (i.e., prior to colistin exposure) and also those for the growth controls at 24 and 48 h (data not shown) and at 72 h (Fig. 2) . The data presented for regimen 1 in Fig. 2 are highly representative of the PAPs for all other regimens.
In conclusion, colistin is believed to be very active against MDR A. baumannii based on MICs, and its use has been substantially increased worldwide in recent years. However, we have shown that the exposure to colistin generated from current recommended dosage regimens for CMS is inadequate to prevent the emergence of resistance in vitro. This study suggests very strongly that great care is required with monotherapy with intravenous CMS, especially in immunocompromised patients, for infections caused by colistin-heteroresistant A. baumannii, due to the potential risk of emergence of resistant bacteria. It is imperative that we preserve the utility of this important antibiotic by promoting its judicious use and developing new therapeutic strategies to combat the emergence of resistance. 
